Abstract: An optical pressure sensor can be useful in many applications where electronics fall short (e.g., explosive environments). We have fabricated and characterized compact, integrated optical pressure sensors on a silicon-on-insulator platform using ring resonators and Mach-Zehnder interferometers. The silicon substrate is locally etched using KOH to produce very thin membranes of 3.28 m. Measurements have shown that spectral features in our devices can shift up to 370 pm going from 0 to 80 kPa.
Introduction
Checking the quality of a vacuum, controlling tire pressure, or determining the altitude in an airplane: These are all applications for a pressure sensor. For decades, research into electrical pressure sensors has been ongoing with plenty of scientific output [1] - [3] . Although most sensors focus on an electrical implementation, there is also a possibility to develop the sensor in the optical domain where the key advantages are that optical devices are immune to electromagnetic interference and can be deployed in explosive or spark-sensitive environments. Indeed, a lot of work has been published about these optical pressure sensors [4] - [17] . Optical pressure sensors can be subdivided into two main categories: integrated and nonintegrated sensors. Nonintegrated sensors consist of several discrete components that, in some cases, require precise alignment, which can increase the packaging cost drastically. Well-known examples of nonintegrated pressure sensors are Fabry-Perot based sensors [4] - [7] . Integrated sensors can be subdivided into two categories: sensors where the transducer is integrated but source and detector are external (e.g., fiber Bragg grating based sensors [8] - [12] ) and sensors where source, transducer, and detector are fully integrated. Fully integrated optical pressure sensors have already been demonstrated in a variety of material platforms [13] - [17] , but here, we demonstrate such a sensor in a silicon-oninsulator platform, the main advantage of which is mass fabrication of devices at a low cost.
Operation Principle
The operation principle of the optical pressure sensor described here is as follows: The substrate under part of a ring resonator or Mach-Zehnder interferometer on a chip is locally thinned in order to achieve a pressure-sensitive membrane. When applying a differential pressure on the membrane, the structure will deform according to the nonlinear Fö ppl-von Ká rmá n equations [18] in (1) , where E is Young's modulus, h is the plate thickness, is Poisson's ratio, is the out of plane deflection, is the stress tensor with ¼ 1À3 and ¼ 1À3 (corresponding to x , y , and z), and P is the applied pressure
The resulting membrane deformation will induce stress which, in turn, causes the elastooptic effect [19] to alter the optical path length of the light in the structure according to (2) , where ð1=n 2 Þ i are the components of the indicatrix, ik are the piezooptical coefficients, and k are the stress components with i ¼ 1À6 and k ¼ 1À6, where 1 xx , 2 yy , 3 zz, 4 yz, 5 xz, and 6 xy
This gives rise to a phase shift Á as shown in (3), where is the wavelength of the incident light, and n eff ðlÞ is the local effective index along the waveguides of the structure located on the membrane. This, in turn, will shift the position of the spectral features in the wavelength spectrum. Measuring this shift gives an indication on how much the pressure has changed
Solving the Fö ppl-von Ká rmá n equations analytically is not possible. Therefore, we have used the finite elements solver ANSYS [20] to determine the stress caused by pressure in a 60 m by 60 m, 220-nm-thin silicon membrane. As can be seen from Fig. 1 we observe a nonlinear response of the in plane stress xx in the center of the membrane to the applied pressure.
Experiments

Device Description
The photonic structures are fabricated using a 193-nm-deep ultraviolet lithography process on a silicon-on-insulator wafer comprising 220 nm silicon on 2 m silicon dioxide on a 750-m silicon substrate [21] . After lithography and etching of the structures, the substrate is thinned down to a thickness of 250 m and diced into smaller dies. After this, we deposit a stack of 600 nm plasma enhanced chemical vapor deposited (PECVD) silicon nitride on 600 nm PECVD silicon dioxide on the back side of the sample; these layers will serve as an etching mask for silicon wet etching using KOH. The silicon dioxide deposited as a buffer layer to minimize stress-induced effects (which degrade the mask quality) due to the lattice mismatch between silicon and silicon nitride. On the top side, we deposit 3000 nm PECVD silicon dioxide to protect the light guiding silicon structures in the 220-nm silicon layer. We perform contact lithography on the back side of the sample using alignment markers located on the top of the sample. Using reactive ion etching, windows are opened in the silicon nitride mask and silicon dioxide buffer layer. Since the silicon dioxide can contain pinholes that allow the KOH to damage the structures, we spincoat the commercially available ProTEK [22] on the top side of the sample as an extra protective coating. Now that the layer stack is complete, we put the sample in 20% KOH for approximately 3 h at 79 C. KOH etches the silicon substrate anisotropically until it practically stops at the silicon dioxide layer. After etching, we remove the ProTEK layer and any other residues using both a piranha solution and oxygen plasma. A 40-s dip in 49% HF removes part of the silicon oxide layers to further thin down the membranes. According to SEM measurements, the membranes consist of 1.52 m PECVD silicon dioxide on 220 nm silicon on 1.54 m buried silicon dioxide, bringing the total membrane thickness to 3.28 m (see Fig. 2 ).
Setup Description
To characterize the devices in the wavelength spectrum, we use a Santec TSL-510 tunable laser coupled to an optical fiber. Using a grating coupler [23] , the light mode in the fiber is coupled to the TE mode of a silicon single mode waveguide in the top silicon layer. The light then enters the transducer (i.e., ring resonator or Mach-Zehnder interferometer on a membrane) and is coupled out again using another grating coupler. The light is collected using an optical fiber and fed to an HP 8153A Optical power meter. As illustrated in Fig. 3 , we designed a special mechanical chuck with which we can apply a pressure difference while keeping the sample in position using vacuum. The pressure difference is generated by changing the volumeVby means of a pistonVof a pressure circuit that is on one end closed by the membrane of our chip. The top side of the membrane is always subject to atmospheric pressure. To ensure that we maintain a fixed pressure, we include a Fig. 3 . Pressure is applied to the sample on a dedicated holder using a piston. A feedback mechanism is included to prevent the pressure from leaking away. feedback mechanism; a digital pressure sensor triggers a pump when the pressure is about to drop below a certain level. Due to the design of the sample holder, we are unable to apply positive pressure (i.e., pressure in the circuit greater than atmospheric pressure) since the applied pressure would try to lift the sample upwards, thus opening the closed pressure circuit. Future designs of this holder should clamp the sample mechanically as to allow positive pressure to be applied to the sample. For all characterized devices, an intensity peak in the vicinity of 1.55 m is selected to be monitored. A 2-nm window around this peak is then swept using the tunable laser with a step size of 5 pm. A negative pressure of 80 kPa is applied, and the shifted position of the peak is determined. The negative pressure value is then decreased in steps of generally 10 kPa, and this is continued until the pressure difference reaches 0 again. Data analysis consists of fitting a Lorentzian shape [24] , in the case of ring resonators, or a squared cosine [13] , in the case of Mach-Zehnder interferometers, to the measurements.
Measurements
The first structure we will highlight is a ring resonator, as shown in Fig. 4 . Conventionally, only part of the ring resonator is underetched [16] , but due to suboptimal alignment accuracy in our contact lithography, we opted for a larger membrane that holds almost the entire structure. shows indeed that the spectral position of a resonance in the ring resonator shifts under the influence of pressure. As can be seen in Fig. 6 , the position of the resonance peak is nonlinearly related to the applied pressure, and we observe a similar curve, as in Fig. 1 . Due to the complex shape of the ring resonator, it is, however, not straightforward to perform an exact fitting to our measurement data.
Going from 0 to 80 kPa, the position of the resonance shifts by 208 pm. It should, however, be noted that the resonances in nonetched ring resonators also undergo a spectral shift when applying pressure (a phenomenon that can already be verified by applying vacuum to the back of a sample). We measured a ring resonator with similar dimensions as the one in Fig. 4 and found the shift from 0 to 80 kPa to be 62 pm, which is significantly less than that of the etched variant. In this case, the applied pressure does not act on a membrane but on the entire thinned sample, causing enough stress to induce a noticeable resonance shift. It is also worth mentioning that the quality factor of the resonance and overall transmission only degreades very slightly when applying pressure (see also Fig. 5 ).
As mentioned above, a Mach-Zehnder interferometer can also be used for sensing. Fig. 7 shows part of the device we have investigated. In this case, one of the arms of the Mach-Zehnder interferometer is partly underetched. The slight discoloring in the picture indicates buckling [25] of the membrane due to stress from the silicon dioxide layers. Using a Dektak profilometer, we measured the buckling depth and found it to be 3.4 m. Despite this undesired buckling behavior, some devices still show spectral features that shift under influence of pressure, the results of which are shown in Fig. 8 . The response is, however, different from that of the ring resonator (see Fig. 6 ), which we believe is caused by the buckling. The total shift at a pressure of 80 kPa is 370 pm.
Discussion
When comparing the ring resonator and Mach-Zehnder interferometer, we can state that although the ring resonator shows slightly less sensitivity, it not only requires a smaller footprintVa MachZehnder always needs a reference armVbut it also exhibits sharper resonant features, which benefits the resolution of readout. An advantage of the Mach-Zehnder interferometer is that, when suitably designed, it can show a reduced temperature dependence.
Although the above structures already show a high sensitivity, considering their small footprint, there is still room for improvement. It has been shown that a membrane where the length/width ratio equals 2 will exhibit higher sensitivity [14] . Second, increased performance is expected when more accurate alignment allows for precise placement of the sensing arms on the membrane. Moreover, in [14] and [16] , it is shown that using TM polarized light will enhance the sensitivity since the refractive index change in the out-of-plane direction is greater than it is in plane. Finally, the membranes can be thinned down further using HF or dry etching to achieve more sensitive devices. It should, however, be noted that stress induced by silicon dioxide can cause some membranes to buckle, unless the sensor size is decreased. This problem can, however, be circumvented by placing several smaller sensors in series, as demonstrated by [13] .
Conclusion
In conclusion, we have demonstrated pressure sensors in silicon-on-insulator with a relatively thin pressure-sensitive membrane (3.28 m). This material platform allows for cheap mass fabrication of the proposed devices. Although the light source and the detector are connected to the sensor using fibers in this experiment, there are no factors that would prevent complete integration of source, transducer, and detector on one single chip. The high refractive index contrast in silicon-oninsulator, combined with the small membrane thickness, permits us to fabricate highly sensitive sensors with a small footprint (the smallest of our devices measuring 60 m Â 70 m). Due to the nonlinear response of the sensor, it is not straightforward to determine a sensitivity per unit of pressure, but a shift of spectral features of up to 370 pm for a differential pressure of 80 kPa has been demonstrated, which is in the same order of magnitude as in [13] , where much larger membranes are used (order of millimeters). Furthermore, we are confident that future design and fabrication improvements will help increase this number. 
